A solution for the study of seismic hazard and associated seismic ground motion, at a given site and for a range of epicentral distances, could be to use a comprehensive set of recorded accelerograms, grouped accordingly to common source, path and site effects. In practice however, such a database is not available, being the number of existing recorded signals still relatively low. An alternative way is based on computer codes, developed from a detailed knowledge of the seismic source process and of seismic waves propagation, that can simulate the ground motion associated with the given earthquake scenario.
Introduction
One of the basic problems associated with the study of seismic hazard is to determine the seismic ground motion, at a given site, due to an earthquake with a given magnitude or moment and epicentral distance from the site. The ideal solution for such a problem could be to use a wide database of recorded strong motions and to group those accelerograms that contain similar source, path and site effects. In practice however, such a database is not available. Actually, the number of recorded signals is relatively low and the installation of local arrays in each zone with a high level of seismicity is too expensive an operation that requires a long time interval to gather statistically significant data sets. An alternative way is based on computer codes, developed from the knowledge of the seismic source process and of the propagation of seismic waves, that can simulate the ground motion associated with the given earthquake scenario. In such a way, synthetic signals, to be used as seismic input in a subsequent engineering analysis, can be produced immediately at a very low cost/benefit ratio. The theoretical approach takes into account the source characteristics, the path and the local geological and geotechnical conditions. This deterministic modelling goes well beyond the conventional deterministic approach taken in hazard analyses -in which only a simple wave attenuation relation is invoked -in that it includes full waveform modelling. Detailed numerical simulations play an important role in the estimation of ground motion in regions of complex geology and they can provide synthetic signals for areas w r here recordings are absent. Numerical simulations are, therefore, useful for the design of earthquake-resistant structures.
The macroseismic observations made in correspondence of the destructive events of the last century have clearly evidenced the strong influence of the near-surface geological and topographical conditions on the damage distribution; since most of the antrophysed areas (e.g. megacities) are settled in correspondence of sedimentary basins (e.g. river valleys), a realistic definition of the seismic input that takes into account the site response has become one of the most relevant tasks in the seismic engineering analysis.
Site response
The Topographical site effects have not been studied extensively yet but their importance is confirmed both by instrumental evidences (e.g. Geli et al., 1988; Bard, 1997) and by numerical simulations (e.g. Pedersen et al., 1988, Sano and Pugliesc, 1999) . Although there is not a general quantitative agreement between theory and observations, a valid qualitative conclusion is that the seismic ground motion is amplified on mountain tops, i.e. over "convex" topographies, with respect to the valley bottoms (Bard, 1997) . \umerical simulations have shown (Geli et al., 1988) that the amplification patterns are strongly dependent on the incidence angle, the incoming wavefield type and the sharpness of the topography. The focusing of the diffracted seismic energy may explain the fact that the greatest amplifications occur at those wavelengths that are comparable with the horizontal dimension of the topographical feature (e.g. Bard, 1997) .
The simpler physical explanation for the local amplification, of the ground motion due to the soft surface layering is the trapping of the seismic energy, due to the impedance contrast between the soft surface soils and the underlying bedrock. Moreover, the relatively simple onset of vertical resonances can be transformed into a complex pattern of resonances, strongly dependent on the characteristics of the sub-surface topography of the sedimentary deposits.
The experimental approach to the estimation of the site response is based on the measure of ground motion at different sites. This implies the recording, with a network of instruments, of multiple seismic sources. If a network of I sites has recorded J events, the amplitude spectrum, O, of the j-th event recorded at the i-th site is usually represented as (e.g. Field and Jacob, 1995) :
where E is the source term, P is the path term and S is the site-effect term. The most traditional techniques for the estimation of S are based on the computation of the ratio between the spectrum of the signal (or a portion of it) at the sedimentary site and the spectrum of a reference signal, preferably recorded at a nearby bedrock site (Borcherdt, 1970) , However, quite often a signal recorded on bedrock is not available close to the investigated sites, so that directional effects due to the source could become relevant. Some techniques have been proposed that arc non-re ference-site dependent (e.g. Boatwright et al. (1991) . An alternative approach is based on the spectral ratio between the horizontal and vertical components of motion. This method was originally applied by Langston (1979) for crustal and upper mantle studies and it is based on the assumption that the propagation of the vertical component of motion (in general only S-waves are considered) is not perturbed by the surficial layers, and therefore, it can be used to remove source and path effects from the horizontal components. Lermo and Chavcz-Ciarcia (1993) applied the same technique at higher frequencies for the site response estimation in Mexico cities. Similarly, the Xakamura (1989) method is based on the computation of the spectral ratio between horizontal (usually the square root of the product between the spectra of the XS and F. W components is used) and vertical components obtained from seismic noise (niicrotremors).
Theoretical investigations (e.g. I.achet and Bard. 1994: Dravinski et al.. 1996j and experimental studies (e.g. i ; icld and Jacob. 1995; Field. 1996) have shown that Kakamura's method can reveal the fundamental resonant frequency of a site but it is usually not able to give the correct amplification level. Furthermore, Nakamura's (1989) assumptions seem questionable since recent studies (e.g. Lachet and Bard, 1994; Konno and Ohmachi, 1998) demonstrated that the horizontal to vertical ratio is strictly correlated with the polarization of Rayleigh waves (Panza, 1985) . The most frequently used techniques supply reliable information about the site response to non-interfering seismic phases; they are not always adequate in most real cases when the seismic sequel is formed by several interfering waves. For a more comprehensive comparison of the various empirical techniques the reader is referred to Bard (1997) .
An alternative way to the experimental approach of the site response estimation is based on computer codes, developed from a detailed knowledge of the seismic source process and of the propagation of seismic waves, that can simulate the ground motion associated with the given earthquake scenario. In such a w r ay, using the available geological and geotechnical information, a low-cost parametric analysis can be performed since the installation of site arrays in each zone with a high level of seismicity is too expensive an operation.
Therefore, in the following, we concentrate just on the approaches, valid for anelastic media, based on the modal summation technique (Panza, 1985; Florsch et al., 1991) and finite differences, considering the hybrid technique, that combines the advantages of the analytical and numerical approach developed by Fah et al. (1993) , and the mode coupling analytical technique (e.g. Vaccariet al., 1989; Romanelli et al., 1996) .
With these innovative methods, that avoid or at least minimize most of the shortcomings of the methods currently used to define local soil conditions, source, path and site effects are all taken into account, and it is therefore possible to perform a detailed study of the wavefield that
propagates at large distances from the epicentre. The methods have been successfully applied, for the purpose of seismic microzoning (Panza et al., 1996) , to several urban areas like Mexico City. Rome (e.g. Fah et al., 1993) , Benevento Marrara and Suhadolc, 1998) , Naples (Nunziata et al., 1995) , Catania (Romanelli et al., 1998a; b: Romanelli and Vaccari, 1999) and Beijing (Sun et al., 1998) in the framework of the UNESCO-IGCP project 414 "Realistic Modeling of Seismic Input for Megacities and Large Urban Areas" (Panza ct al., 1999b) .
3. Deterministic seismic zoning and hazard assessment at sub-regional and urban scale
In the following we consider three examples of the application of the deterministic techniques for the seismic hazard assessment at a sub-regional and urban scale, showing the results for the city of Rome, where the modal summation-finite difference hybrid method is used, and for the Eastern Sicily area (Catania and Augusta) where the hybrid and the analytical mode coupling techniques are used (e.g. Romanelli and Vaccari, 1999) .
Examples of ground motion scenario: Microzoning of Rome
A large quantity of descriptions of earthquakes that have been felt in Rome is available (Ambrosini et al., 1986; Molin et al., 1986; Basili et al., 1987) . The use of the hybrid method allows us to give a simple and natural explanation of the damage distribution observed as a consequence of the the January 13, 1915 Fucino earthquake -one of the strongest events that have occurred in Italy during this century (epicentral Intensity XI on the Mercalli-CancaniSieberg, MCS, scale). The well-documented distribution of the damage in Rome, caused by the Fucino earthquake, is successfully compared by Fall et al. (1993; with the results of a series of different numerical simulations, using AMAX and the so-called total energy of acceleration, W (Jennings, 1983) , which is proportional to the Arias Intensity (Arias, 1970) .
High relative AMAXs are obtained where the impedance of the surficial sediments is small, whereas relative AMAXs are low where the volcanic rocks are thick, and this is in good agreement with the observed damage distribution. An even better correlation with the observed damage is obtained considering the relative W. An additional important result of Fah et al. (1993) is the demonstration that sharp variations in the spatial distribution of the spectral ratios can be due to the polarization of P-SV waves in the sediments, even when the geometry of the different sedimentary layers is relatively regular. This is quite a logical explanation of ihe often observed concentration of damage in very small, scattered zones, and it is easier to accept than the often invoked presence of unlikely abrupt variations in the gcotechnical properties of the subsoil. Similar results have been obtained by Marrara and Suhadolc (1998) in a study case at Thessaloniki.
The good correlation between AMAX, W and the damage statistics makes it possible to extend the zoning to the entire city of Rome, thus providing a basis for the prediction of the expected damage from future strong events.
In addition to the Central Apennines, whose earthquakes caused in the town maximum intensity VII-VIII (MCS) and which may generate significant perturbations at long periods, the most important scismogcnetic zone (Figure la) whose earthquakes can cause structural damage in Rome are the Alban Hills (observed maximum MCS in Rome VI-VII) .
Therefore, used the sources shown in Figure la: (1) the epicenter of the January 13. 1915 Fucino earthquake, (2) the Carseolani Mountains where, from the study of pattern recognition (Caputo et al., 1980) , a strong earthquake is expected to occur, and (3) the Alban Hills. The source mechanisms assigned to these earthquakes are the mechanism of the Fucino earthquake (Gasparini et al., 1985) for events 1 and 2, and the mechanism of a more recent earthquake in the Alban Hills (Amato et ah, 1984) for event 3. The zoning performed along the three sections can be extended, with caution, to a larger area using the information available on geological and geotechnical conditions. The result of such tentative extrapolation is shown in Figure 3b .
Given that in Rome the DGA calculated for a bedrock model is about O.lg (Panza et al., 1999a ) the absolute response spectra that one should expect in the six zones of Figure 3b can be calculated. We may assume that the DGA expected in each zone can be obtained dividing by 2.5 the largest spectral value (as is the case for european design spectrum, EC8 (1993)). Therefore in Rome the largest estimated DGA Is about 0.2g. Using the correlation relations between DGA and intensity given by Panza et al. (1999a) the intensity is either X or IX. The Intensity due to the 1915 Fucino earthquake (90 km from Rome, M=7.3 in catalogue NT4.1) is VIII.
Thus, in the absence of instrumental data, and without having to await for a strong earthquake to occur, a realistic numerical simulation of the ground motion has been used for the inicrozonation of the city of Rome. The highest values of the spectral amplification are observed at the edges of the sedimentary basin of the Tiber, strong amplifications are observed in the Tiber's river bed. This is caused by the large amplitudes and long duration of the ground motion due to (1) low impedance of the alluvial sediments, (2) resonance effects, and (3) excitation of local surface waves. The presence, near to the surface, of rigid volcanic rocks is therefore not sufficient to classify a location as a "'hard-rock site", since the existence of an underlying sedimentary complex can cause amplifications due to resonance effects. A reliable zonation requires the knowledge of both the thickness of the surface layer and of the deeper parts of the structure, down to the real bedrock. This is especially important in volcanic areas, w r here volcanic flows often cover alluvial basins.
Examples of ground motion scenario: Eastern Sicily

Catania
From the analysis of the felt intensities (up to XI), for the event of January 11, 1693, the strongest known earthquake in the area, it has been possible to estimate a magnitude ranging from 7.0 to 7.8 (e.g. Boschi et al., 1995; Decanini et al., 1993) , while it is very difficult to determine the source mechanism for such a historical event, since the macroseismic data are the only available information. The poor control over the hypocentral coordinates does not permit to use the macroseismic data for the inversion of the source mechanism (Panza et ah, 1991) , but with these data it is possible to perform an analysis to test the validity of the source mechanism models that can be formulated on the base of seismotectonics. The observed intensities can be converted into accelerations, velocities or displacements (e.g. Decanini et ah. 1995; Panza et ah. 1999a ) and they can be compared with the synthetic data. Applying such a procedure to the 1693 event (Romanelli et al., 1998a) , a good agreement with the macroseismic data is obtained for a seismic source located on the Northern Segment of the off-shore Hyblean fault, which is considered to be the most important seismogenic structure of the zone.
To minimize the number of free parameters Romanelli and Vaccari (1999) decided to account for source finiteness by properly weighting the point source spectrum using the scaling laws of Gusev (1983) , as reported in Aki (1987) . The used focal mechanism parameters of the source (latitude: 37.44°; longitude: 15.23°), are: strike = 352% dip = 80 s , rake = 210°, focal depth = 10 km and seismic moment = 3.5-10 Nm.
For the definition of the structural model, Romanelli and Vaccari (1999) used the geotechnical information collected within GNDT ( GNDT, 1997) , that is, a simplified geotechnical zonation map and a set of five detailed geotechnical cross sections. Since the method of the modal summation technique can be applied to both rough and detailed laterally heterogeneous models, they first employed the simplified map, to analyze the effects of the gross features of the geotechnical zonation on the ground motion. As a second step, in order to test the usefulness of the simplified models, they considered a detailed version of one of the simplified cross sections.
In Figure 4 the simplified geotechnical zonation map for the Catania area is shown. Along each of the 13 sections considered in the analysis, a set of sites is considered and the site locations are chosen both in the proximity of the boreholes, and at the edges of the sections. The laterally varying models associated with each cross section are built up putting in w r elded contact (from 2 to 4) different 1-D local models: the regional model, assigned to Eastern Sicily (Costa et al., 1993) , is chosen as the bedrock model and the geotechnical information related to the selected boreholes are used for the definition of the local models. The map shown in Figure 4 defines the borders between the local models.
In Figure 4 the (SH motion) synthetic velocity time series calculated at the considered sites, whose locations are chosen both in the proximity of the boreholes and at the edges of the chosen sections, are shown. The cut-off frequency of the signals is 10 Hz, but their spectra show that most of the energy is concentrated at frequencies below 4 Hz. Each record is 20 s long and is normalized to the peak velocity value, VMAX, for the entire region.
Since for section S10 detailed geotechnical information is available (GNDT, 1997), we can compare the results obtained using the simplified laterally heterogeneous anelastic model with those obtained for a realistic model of the geological cross-section.
The detailed laterally heterogeneous model, used for the calculation of the synthetic seismograms along S10, is built up using forty-eight local models in welded contact, for a total extension of approximately 13 km. The detailed model is shown in Figure 5 , together with the elastic parameters of each geotechnical unit. The Q values vary in the range from 40 to 300, depending upon the unit considered. The source is buried in the regional bedrock model. The results shown by Somerville (1996) , who supplied the ground motions for the scenario due to a magnitude 7.0 earthquake on the northern Hayward fault (California region), and the spectral analysis of the signals shown in Figure 4 indicate that a reasonable upper frequency limit for the detailed calculations can be 4 Hz.
The signals are calculated for a set of sites, one for each local model, along the section. We
give an estimation of the local response at each site, evaluating the Response Spectra Ratio, RSR. corresponding to the laterally varying model and to the bedrock model. In Figure 5a ,b the RSR versus the epicentral distance and frequency are shown for SH motion and for strike-section angles equal to 80 = and 180°, respectively. Along the first part of the section the amplification pattern is quite simple, but for distances larger than 20 km the amplification level, changes significantly with distance and frequency. This example shows that the interference between seismic waves and the lateral heterogeneities is azimuthally dependent and may therefore be responsible for different responses at the same site when stroke by different sources (e.g. Field. 1996; Riepl ct al., 1998) . Such theoretical result, recently confirmed by the experimental evidence reported by Wang and Nisimura (1999) , should cast some doubts both on the convolutional representation, equation (1) The RSR obtained using the synthetic signals calculated for the P-SV motion along the detailed section S10, are shown versus epicentral distance and frequency in Figure 5 . The strikesection angle is 80°, a value that, for the given focal mechanism, corresponds approximately to a maximum in the radiation pattern for the P-SV waves. For epicentral distances less than about 20 km the pattern of the resonance frequencies shown in Figure 5c (radial component) resembles the pattern visible in Figure 5a and b. Figure 5d shows that, in this case, the vertical component of motion is not much affected by the local geological conditions.
The fact that the vertical component of motion is free from near surface influences is one of the original assumptions (e.g. Nakamura, 1989) of the horizontal-to-vertical spectral ratio technique (H/V RSR) for the site response estimation. The main advantage of this technique is its independence from a reference-site. If earthquake recordings are used, the H/V technique is usually named the receiver function technique (Lermo and Chavez-Garcia, 1993) while if ambient noise recordings are considered it is known as Nakamura's technique (Nakamura, 1989 ).
In Figure 5e the H/V RSR are shown versus epicentral distance and frequency. The calculations confirm the empirical conclusions that the resonance patterns are very well correlated with surface geology, but the absolute level of amplification cannot be straightforwardly determined (Theodulidis et al., 1996; Lachet and Bard, 1994) . The H/V RSR obtained for the bedrock model (not shown), has a simple pattern, with a practically constant value of the resonance frequency along the path. This is in agreement with the recent theoretical explanation concerning the physical meaning of the H/V ratio: the vertical component of Rayleigh wave motion has a minimum or vanishes, according to the vertical velocity contrast, around the S-wave resonance frequency, and the H/V ratio is a sort of mapping of the eliipticity curve of Rayleigh wave modes (e.g. Panza, 1985; Lachet and Bard, 1994; Konno and Ohmachi, 1998) .
Augusta
We consider the earthquake scenario already selected for Catania (see section 3.2.1). The wave propagation is modelled with the hybrid approach (Fah et al., 1993) , based on the modal summation and finite differences techniques. The synthetic signals have been computed with a cut-off frequency of 5 Hz. A preliminary study carried out with the modal summation technique for the reference bedrock model, has shown that the radiation pattern associated with the source, located in the northern segment of the Iblean fault, leads to a very small amplitude recorded in Augusta for both P-SV and SH waves. This is due to the particular combination of the doublecouple orientation and of the source-receiver distance. To be conservative, we decided to perform the microzonation with the hybrid approach rotating the fault strike by 30 = counterclockwise, keeping dip (80°), rake (270°), depth (10 km) and seismic moment (3.5 10 19 Nm) unchanged.
Analysing the detailed geotechnical information available for Augusta (Tortorici, personal communication) along several profiles (Figure 6aJ , we decide to model the cross-sections 1,2 and 7. shown in Figure 6a . that are representative of the local lithology and stratigraphy. In order to focus better on the effects due to the local soil conditions, we also assume the same relative position of the source (distance and azimuth) with respect to the three profiles. We generate synthetic seismograms. three components, at about 90 sites evenly distributed along the topographic surface of each profile. At the same sites, computations are repeated using the reference bedrock mode) and the acceleration response spectrum of each seismogram and the RSR arc calculated. The amplification patterns arc shown in Figure 6b for profile 2.
The largest amplifications occur for frequencies larger than 2 Hz. in correspondence with the thin and soft sedimentary layers with Vs = 150 m/s. Here, the horizontal components arc more amplified than the vertical ones, and we can notice that the amplifications observed for the vertical components generally occur at lower frequencies than for the horizontal ones. The
I
carbonatic sediments that characterize the beginning of profiles 1 and 2 (sites from 1 to 31) and the end of profile 7 (sites from 85 to 97) lead to less pronounced amplifications. For frequencies higher than 1.5 Hz (transversal component) or 2 Hz (radial component), we may obtain deamplifications that are not observed in the vertical component. Such a phenomenon can be explained with a different sensitivity of the vertical component to topography.
Conclusions
The computation of realistic synthetic seismograms, using methods that make it possible to take source, propagation and site effects into account, utilising the huge amount of geological, geophysical and geotechnical data, already available, goes well beyond the conventional deterministic approach and gives a powerful and economically valid scientific tool for seismic microzonation. The procedure is scientifically and economically valid for immediate action, since there is no need to wait for a strong earthquake to occur.
Seismic microzonation of urban areas can be performed when the required geotechnical data are available, so that local site effects can be soundly modelled. The difficulties connected with a correct estimate (or prediction) of the site effect are the determination and separation of other factors contributing to the seismic signal: source effect, path effect (including lateral heterogeneity), and possible (but not considered here) non linear soil behavior. The theoretical site response estimations that we perform, using different types of seismic motion and different techniques, confirm that the identification of the behaviour of a site with a set of resonant frequencies can be a very difficult task, especially when the amplification levels are azimuthally dependent. Furthermore, our results show that the extension of punctual information to extended sections, i.e. the adoption of simplified models, could lead to misleading conclusions concerning the seismic response of sedimentary basins. Our results suggest that, in order to perform an accurate estimate of the site effects in complicated geometries, it is necessary to make a parametric study that takes into account the complex combination of the source and propagation parameters.
Thus, the definition of realistic seismic input can be obtained from the computation of a wide set of time histories and spectral information, corresponding to possible seismotectonic scenarios for different source and structural models. Such a data set can be fruitfully used by civil engineers in the design of new seismo-resistant constructions and in the reinforcement of the existing built environment, and therefore supply a particularly powerful tool for the prevention aspects of Civil Defence. I-igure 5. SH motion: a) RSR versus epicentrai distance and versus frequency; strike-section angle equal to 80°. b) Same as a) but the strike-section angle is equal to 180° (from Romanelli and Vaccari, 1999) , P-SV motion: c) RSR for the radial component of motion versus epicentrai distance and frequency; d) RSR for the vertical component of motion versus epicentrai distance and frequency; e) H/V RSR versus epicentrat distance and frequency, Strikesection angle equal to 80°; f) model of section S10 (modified from Romanelli and Vaccari, 1999) . 
